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Abstract
We describe a new time-of-flight Fourier spectrometer for investigation of UCN diffraction by a moving grating. The
device operates in the regime of a discrete set of modulation frequencies. The results of the first experiments show that
the spectrometer may be used for obtaining UCN energy spectra in the energy range of 60÷200 neV with a resolution
of about 5 neV. The accuracy of determination of the line position was estimated to be several units of 10−10 eV
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1. Introduction
The UCN spectrometry has been successfully devel-
oping during a number of decades. Historically the first
method of the UCN spectroscopy was the time-of-flight
technique [1]. As a direct and universal method of mea-
suring the neutron speed, it has been successfully used
in numerous experiments with UCN (see for example
[2–6]).
The small energy and large wavelength of UCN
have contributed to the appearance of new spectrometry
methods, which are unfeasible with thermal neutrons.
Specifically, the gravity UCN spectrometry [7–14] and
the spectrometry based on the use of quantum spectro-
metric devices (various interference filters) [11, 12, 15–
17] have received widespread use.
During the past fifteen years a number of experiments
with the gravity UCN spectrometer with interference fil-
ters have been performed [18–22]. Due to the narrow
transmission spectrum the filters may be used as an ef-
fective monochromator and analyzer of energy, and the
acceleration of neutrons in the gravitational field of the
Earth on their way from the monochromator to the an-
alyzer permits performing energy scanning. The range
of energies to be measured is limited in this method by
mgH, where m is the neutron mass, g is the free fall
acceleration and H is the maximum possible distance
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between both filters. In practice, the energy range did
not exceed 20-30 neV. In particular, the effect of neu-
tron energy quantization in UCN diffraction by a mov-
ing grating was observed for the first time using such a
spectrometer [19]. Later this effect was used to test the
weak equivalence principle for the neutron [22].
The continuation of this research [23] and recent the-
oretical results [24] have brought us to the understand-
ing of the need for more detailed investigation of UCN
spectra in diffraction by a moving grating. The prob-
lem is that the energy range of the resulting spectrum is
of the order of 100 neV, which is comparable with the
UCN initial energy. At the same time it is desirable that
the energy of the spectral lines might be measured with
the accuracy of 1÷1.5 neV. The gravity UCN spectrom-
etry with interference filters appears to be unsuitable for
these purposes.
As it follows from simple estimations the classical
TOF method is not suited for this task either, because
the ratio of the initial time pulse duration to the pulse
repetition period cannot exceed the ratio of the neces-
sary resolution to the width of the time-of-flight spec-
trum. In our case this ratio is of the order of 10−2. Such
losses in luminosity are absolutely unacceptable.
It is likely that the solution of the problem is the use
of any correlation time-of-flight methods. It may be the
correlation spectroscopy with pseudo-random flux mod-
ulation [25–33] or Fourier spectroscopy with periodic or
quasiperiodic flux modulation [34–42].
Preprint submitted to Nuclear Instruments andMethods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated EquipmentSeptember 25, 2018
ar
X
iv
:1
60
2.
01
75
5v
1 
 [p
hy
sic
s.i
ns
-d
et]
  3
 Fe
b 2
01
6
Having compared the two approaches, we have cho-
sen the Fourier TOF spectroscopy [43]. The point is that
we had a UCN spectrometer with periodic flux modula-
tion [23], which could be relatively easily transformed
into a TOF Fourier-spectrometer. On the other hand,
the use of pseudo-random flux modulation was bound to
lead to a dramatic loss of intensity because its realiza-
tion would severely limit the beam cross-section, which
in our case had a shape of a ring.
Such a UCN Fourier spectrometer was built and in the
present paper we report the results of its experimental
test.
2. Time-of-flight Fourier spectroscopy with peri-
odic flux modulation. Idea of the method
Let the aim of the measurement be the distribution
of times I(t) that neutrons spend for the flight along the
known path length. This time-of-flight spectrum is ev-
idently related to the velocity distribution. The spec-
trum might be directly measured if neutrons would be
generated in an ideally narrow δ-like time pulse. In the
general case the detector response is
Z(t) =
∞∫
0
I(t′)θ(t − t′) dt′, (1)
where θ(t) describes the time dependence of the initial
flux.
If the initial flux is modulated harmonically then
Z(t) =
∞∫
0
I(t′) sin[ω(t − t′)] dt′, (2)
Each small part of the time spectrum contributes its
harmonic to the detector count rate and the phase shift of
this harmonic relative to the modulation phase is defined
by the time of flight and modulation frequency. Since
the time spectrum may be represented by a Fourier ex-
pansion
I(t) =
∞∫
0
R(ω) sin[ωt − φ(ω)] dω, (3)
Z(t) in equation (2) can be interpreted as a Fourier-
harmonic of the initial spectrum. For the reconstruction
of the initial spectrum in an ideal case it is necessary to
find functions R(ω) and φ(ω) in an infinitely large range
of frequencies ω.
In modern Fourier spectrometers the correlation be-
tween the count rate and delayed function of the beam
modulation is measured instead of amplitudes and
phases of the count rate oscillation [41, 42]. But since
there was a device at our disposal with a fairly stable
low-frequency beam modulator of periodic operation,
we decided that at the initial stage of the work the mea-
surement with a discrete set of frequencies ωk would be
acceptable. Then the results of the measurement are the
amplitudes Rk and phases φk of the count rate oscillation
for all frequencies ωk. Having a rather large amount of
such data it is possible to reconstruct the initial time-of-
flight spectrum in any time interval
Iexp(t) =
pi
2
∑
k
Rk sin(ωkt + φk). (4)
Unfortunately, the use of a discrete set of frequencies
results in the appearance of phantom fragments in the
reconstructed spectrum, which are identical to the real
spectrum and repeat with a period Tph = 2pi/∆ω, where
∆ω is the step of frequency variation.
In practice, flux modulation is usually realized us-
ing the so-called Fourier chopper which consists of a
rotating rotor with a large number of slits and a fixed
stator with one or several slits. All slits are of equal
angular width and separated by areas with the same
width that are nontransparent to neutrons. As a re-
sult, the flux is modulated by a periodic function θ(t)
in the form of repetitive pulses of triangular shape im-
mediately following each other. This function does not
differ too much from a harmonic function, but in ad-
dition to the basic frequency ω1k = 2pi/Tk , there is
an admixture of high-order oscillation with frequencies
ωnk = (2n − 1)ω1k . Here Tk is the pulse repetition period.
Only the third-order harmonic (n=2) contributes notice-
ably to the spectrum, which, if necessary, can be taken
into account during processing.
3. The spectrometer
The spectrometer is a slightly modified version of the
device described in [23]. It is shown in Figure1. Ultra-
cold neutrons are fed to the entrance chamber through
the UCN neutron guide and, after a number of reflec-
tions, fall down the annular channel with the lower sec-
tion closed by a monochromator, which is a five-layer
Ni-Ti interference filter [12, 13, 43]. To suppress the
background of neutrons with energies higher than the
effective potential of nickel, the filter- monochroma-
tor is combined with a multilayer ”superwindow filter
[12]. In the experiments with a moving grating (see
[23] for details) the latter was placed directly below the
monochromator. It could be rotated by a motor.
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Figure 1: Time of flight Fourier spectrometer: general view (at the left) and its upper part (at the right): 1 - feeding guide, 2 - entrance chamber, 3
- annular channel, 4 - filter-monochromator, 5- grating, 6- rotor of the Fourier modulator, 7- vertical glass guide, 8- detector, 9- vacuum vessel
Figure 2: Rotors for the Fourier chopper (at the left) and for the classical TOF measurement (at the right)
The neutron flux with the spectrum which is formed
by the combination of two filters and transformed by the
quantum modulator – moving diffraction grating (if the
latter is used) comes to the spectrometric part of the de-
vice. It comprises a Fourier chopper, vertical neutron
guide and detector. The Fourier chopper consists of a
rotating rotor and stator. The rotor is a 2-mm-thick ti-
tanium disc about 40 cm in diameter with twelve radial
slits (see Figure 2). The stator is a titanium diaphragm
with only one slit. It is placed at the inlet section of the
vertical neutron guide.
As in [23] the rotor is driven by a Phytron stepper
motor VSS-65HV located outside the vacuum volume
and connected to the rotor via a toothed belt and mag-
netic coupling. The rotation frequency of the rotor may
reach 1800 rpm, which corresponds to a modulation fre-
quency of 360 Hz. For the use of the electronic con-
trol system an infrared Honeywell sensor HOA2006-
001 and a small slot at the periphery of the rotor are
used. Stability of the rotor rotation frequency is of the
order of 10−4.
Upon passing through the modulator, UCNs come to
the vertical neutron guide formed by six 95×680 mm
flout glass plates and reach the scintillation detector.
4. Test objects and procedure of the measurement
To test the spectrometer, four objects were chosen:
three interference filters [12, 13, 43] (hereinafter re-
ferred to as filter 1,2,3) and diffraction grating. Their
short descriptions are given below.
1. Filter 1 is a five-layer filter with alternating layers
of NiMo and TiZr with design values of thickness
24.5-23.0-48.0-23.0-24.5 nm.
2. Filter 2 is a nine- layer filter with alternating layers
of NiMo and TiZr with design values of thickness
12.5-23-32-23-38-23-32 -23-12.5 nm.
3. Filter 3 is a five- layer filter with alternating layers
of Ni(N) and TiZr with design values of thickness
23-23.7-24.5-23.7-23.0 nm.
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4. Rotating diffraction grating. It was prepared on the
surface of a silicon disc 150 mm in diameter and
0.6 mm thick. Radial grooves were made in the
peripheral region of the disc, which is a ring with
an average diameter of 12 cm and a width of about
2 cm. The widths of the grooves are proportional
to the radius and this proportionality ensures a con-
stant angular distance between the grooves equal to
a half period. The angular period of the structure
is exactly known to be α = 2pi/N with N = 94500.
The grating was manufactured by Qudos Technol-
ogy Ltd. 1
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Figure 3: Time-of-flight spectrum formed by filter 1 and ”superwin-
dow”
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Figure 4: Time-of-flight spectrum formed by filter 2 and ”superwin-
dow”
Herein, we do not provide the calculated transmittiv-
ity of filters 1 and 2, as it is very similar to that displayed
1Qudos Technology Ltd, Rutherford Appleton Laboratory, OX11
0QX Chilton, United Kingdom
in Figures (3) and (4) of [23]. Spectra of UCN trans-
mitted through these filters were obtained by a standard
TOF method using the same spectrometer as in [23].
The chopper used in the measurement is shown in Fig-
ure 2.
Filter 3 was characterized by the splitting of the trans-
mission line (see details in [12, 13, 44]). In the regime
of Fourier spectrometry filters 1-3 together with the
filter-superwindow served as a monochromator. In the
experiments with the moving grating the latter operated
as a high-frequency phase modulator, which resulted in
the splitting of the spectrum formed by the monochro-
mator into a number of lines [19, 21]].
As noted above, when the setup was used as a Fourier
spectrometer the neutron flux was modulated by the
Fourier chopper operating with the specified frequency.
The measurement system registered the time of arrival
of pulses from the sensor of the chopper and from the
detector and these data were recorded sequentially to a
file. The modulation frequency fk ranged from 6 to 360
Hz. It was increased with a step of 6 Hz (in some mea-
surements by 12 Hz) and upon reaching the maximum
value decreased again. The duration of each measure-
ment was usually 1000 s. The count rate was several
counts per second.
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Figure 5: Count rate oscillation at the measurement with filter 1. Mod-
ulation frequency f=60 Hz
The data obtained in each measurement with the
modulation frequency fk were fitted by the sine func-
tion, as shown in Figure 5. The result of such fitting
was the values of amplitude Rk and phase φk of the count
rate oscillation. The dependence of the amplitude on the
modulation frequency is shown in Figure 6. After sub-
stitution of the obtained Rk and phase φk into the equa-
tion (4) and taking into account thatωk = 2pi fk, it is easy
to obtain the time-of-flight spectrum.
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Figure 6: The dependence of the amplitude of the count rate oscil-
lation on the modulation frequency for the measurements with three
different filters
It should be noted that due to the vertical orientation
of the spectrometer and the effect of the Earth’s gravity
the neutron time of flight does not linearly depend on the
initial velocity. Sometimes for the correct interpretation
of the results it was necessary to recalculate the time
spectrum into the initial energy spectrum. In addition
to the relation of energy and time of flight given by the
formula
E =
m
2
(
H2
t2
− gH + g
2t2
4
)
, (5)
it was also necessary to take into account the nonlinear
relation between the widths of time and energy ”chan-
nels” on the abscissa axis. The relation between Nt and
NE values, which are proportional to the intensities in
time and energy channels, respectively, is given by the
relation
NE = Nt
[
m
(
H2
t3
− g
2t
4
)]−1
, (6)
where m is the neutron mass, g is the free fall acceler-
ation and H is the height of the Fourier chopper above
the detector.
5. Experimental results
The time-of-flight spectra obtained as a result of
Fourier synthesis are shown in Figure 7. It is interesting
to compare the positions of the peaks in the TOF spec-
tra formed by filter 1 and obtained using two different
methods (see Figure 3 and the upper plot in Figure 7).
They are rather similar and the small difference of the
order of 1.5 ms is probably due to a small error in the
time delay between the master-pulse and the moment of
opening of the chopper window.
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Figure 7: Time-of-flight spectra measured by the Fourier spectrom-
eter. Energy spectra formed by filters 1-3 in combination with filter
”superwindow”
As mentioned above, the third filter was distinguished
by the splitting of the energy line in the spectrum of
transmitted neutrons. Such spectrum has never been
measured by the classical TOF method, but we had
the results of the measurement of the convolution of
the filter transmission function with the transmission
function of another filter-analyzer (so-called scanning
curve). The measurement was made in 2000 using the
5
Gravity UCN spectrometer [12, 13, 44]. Knowing the
convolution of two transmission functions it is possible
to determine the difference between the energies of two
lines with a high precision, but not their absolute val-
ues. That is because the parameters of the filter-analyzer
were known only from calculations and the accuracy of
these estimates was of the order of some neV.
To compare the spectrum measured with filter 3 (see
the lower plot in Figure 7) with the previous results,
the obtained TOF spectrum was recalculated to the en-
ergy spectrum in accordance with formulas (5), (6). To
match two spectra, the energy scale in the plot of the re-
sults of 2000 was shifted by 4 neV. This value is likely to
be the estimation of the error of the calculated position
of the used filter-analyzer. The results of this compari-
son are shown in Figure 8. For illustrative purposes the
plot of TOF spectrum was normalized to the scanning
curve.
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Figure 8: Spectra of neutrons transmitted through filter 3 obtained
by two different methods. The solid line corresponds to the spec-
trum measured by the Fourier spectrometer. The dots are the scanning
curve measured in 2000 by the UCN Gravity spectrometer. See the
text for details
For a qualitative estimation of measurement precision
we fitted the data that had been obtained using the grav-
ity spectrometer by two Gaussians with a linearly in-
creasing background. The distance between two peaks
was found as 15.15 ± 0.26 neV. For the spectrum ob-
tained as a result of Fourier synthesis such a procedure
is not quite correct, as it is formed not by a set of points
with error bars, but is a continuous curve. Nevertheless,
the positions of peak centers may be found by fitting the
curve by Gaussians. The distance between the peaks
obtained in such a way was 15.5 neV. The error of this
value was not defined due to uncertainty in the errors of
the fitted spectrum. However, comparison of these two
values allows to estimate the determination accuracy for
the peak position to be several units of 10−10 neV.
As noted above, our aim was to create a setup appro-
priate for obtaining UCN spectra in a rather wide energy
range. The first attempt to perform such a measurement
has been done and the time-of-flight spectra of neutrons
passing through the diffraction grating in rest and being
rotated have been measured in the energy range from
60 to approximately 200 nev (see Figures 9, 10). Al-
though these first measurements have been done with
rather pure statistics the lines of the zero, ± first and
± second diffraction orders can be clearly seen. A more
detailed discussion of these results and comparison with
the theory [24] will be reported elsewhere.
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Figure 9: Time-of-flight spectrum of UCN passing through the grating
in rest (dashed line) and rotating grating (solid line)
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Figure 10: Energy spectrum of UCN passing through the grating rotat-
ing with 3600 rpm. Peaks of the zero, ± first and ± second diffraction
orders can be seen
The zero-order peak that can be seen in both fig-
ures corresponds to the neutrons whose energy has not
changed when passing through the grating. The position
6
of the peak was measured three times: when the grating
was at rest and when it rotated at two different speeds.
Since the three measurements were quite independent,
their results may be used to assess the accuracy of the
measurement of the energy position of lines in the spec-
trum. To compare the results, the lines were fitted by
a Gaussian function. The obtained results are shown in
the table below.
Table 1: Parameters of the zero-order diffraction peak obtained in dif-
ferent measurements
Rotation speed of
the grating (rpm)
Position of the
maximum, neV
FWHM (neV)
0 115.78 ± 0.051 5.98 ± 0.134
3600 115.68 ± 0.02 4.49 ± 0.092
4800 115.90 ± 0.06 4.33 ± 0.21
It should be stressed that the errors presented in the
Table above cannot be interpreted as measurement er-
rors. They are the errors from fitting the continuous
spectra of unknown accuracy by Gaussians. The mean-
ingful data are the position of the peak center of gravity
and FWHM.
It can be seen that the obtained positions of the zero-
order line maxima differ by (1 ÷ 2) × 10−10 eV, which
corresponds to the error in the time of flight of the or-
der of 0.1 ms. These data qualitatively characterize the
spectrometric quality of the device. As for the resolu-
tion of the spectrometer it corresponds to the FWHM of
peaks. As can be seen from the table it is of the order
of 5 neV, which corresponds to the time resolution of
the order of 3 ms. It is close to the theoretical estimate,
which is equal to the minimum modulation period of a
Fourier chopper, which in our case was 2.8 ms.
6. Conclusion
We reported on the development of the time-of-flight
UCN Fourier spectrometer designed mainly for study-
ing the non-stationary phenomenon of neutron diffrac-
tion by a moving grating. This device is a modification
of the gravity spectrometer [23] and that is why the first
tests of the new device were carried out in the regime of
the discrete spectrum of beam modulation and off- line
data processing. This regime is not optimal but it made
it possible to obtain the first results in a relatively short
time. The results of the test have shown that this de-
vice allows UCN energy spectra to be measured in the
energy range of 60÷200 neV with the resolution of the
order of 5 neV. The accuracy of the determination of the
line position was estimated was estimated to be several
units of 10−10 eV.
The activities on further improvement of the device
will be aimed at increasing its luminosity. In addition,
the spectrometer will be modified for using a contin-
uous spectrum of modulation frequencies, which will
improve the parameters of the device.
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